Summary Objectives: Outer membrane vesicle (OMV) vaccines are used against outbreaks of capsular group B Neisseria meningitidis (MenB) caused by strains expressing particular PorA outer membrane proteins (OMPs). Ferric enterobactin receptor (FetA) is another variable OMP that induces type-specific bactericidal antibodies, and the combination of judiciously chosen PorA and FetA variants in vaccine formulations is a potential approach to broaden protection of such vaccines. Methods: The OMV vaccine MenPF-1 was generated by genetically modifying N. meningitidis strain 44/76 to constitutively express FetA. Three doses of 25 mg or 50 mg of MenPF-1 were delivered intra-muscularly to 52 healthy adults. Results: MenPF-1 was safe and well tolerated. Immunogenicity was measured by serum bactericidal assay (SBA) against wild-type and isogenic mutant strains. After 3 doses, the proportion of volunteers with SBA titres !1:4 (the putative protective titre) was 98% for the wild-type strain, and 77% for the strain 44/76 FetA on PorA off compared to 51% in the strain 44/76
Introduction
Capsular group B Neisseria meningitidis (MenB) is the predominant cause of invasive meningococcal disease (IMD) in most European countries. 1 In the USA, groups B, C and Y cause IMD in similar proportions. 2 Invasive MenB disease has declined recently, but still caused 595/769 (77%) of all cases of IMD in the UK in 2012/13, 3 with an incidence of 1.8/100,000 per year in the period 2006e2012. 4 The rapid onset of severe disease, potentially resulting in death or significant disability, maintains MenB as a priority for vaccine development. Successes with meningococcal A, C,Y and W polysaccharideeprotein conjugate vaccines have not been reproduced with MenB, perhaps due to antigenic similarity of group B capsule sialic acid and human foetal neuronal cells, which is also a safety concern. 5, 6 This has led to the development of formulations based on outer membrane vesicles (OMVs) containing PorA and other outer membrane proteins. 7 OMV vaccines have been shown to be safe, to induce protective serosubtype (PorA)-specific immune responses, and have been used to successfully control clonal outbreaks of MenB disease. 8e14 However, these vaccines offer limited protection against different serosubtypes (PorA types) of MenB. The vaccine 4CMenB, recently licensed in Australia, Europe, Canada and the US, includes an OMV component in addition to recombinant proteins 15 to induce protection against one PorA type. 16 The PorA type-specificity of OMV vaccines occurs because most bactericidal antibodies are directed against specific surface-exposed epitopes on PorA, which are highly variable. This means that multiple PorA types are required to cover different strains. 17e19 FetA is an additional vaccine candidate, being a variable subcapsular antigen that has been shown to induce bactericidal antibodies in animal models 20e23 and to a certain extent during clinical trials, where immune responses against FetA can be detected. 21,24e26 As a consequence of iron-dependent regulation of its expression during culture, 27 the amount of FetA is variable in OMV vaccines, ranging from 0 to 9% of the total protein content of MenBVac and MeNZB, used in Norway and New Zealand, respectively. 28, 29 FetA is a TonB-coupled transporter, but its physiologically relevant substrate is unclear: FetA from N. meningitidis has been shown to bind ferric iron in vitro. 30 Studies on FetA from Neisseria gonorrhoeae have shown that it can transport a range of ferric catecholate-type siderophores. 31 Hyper-invasive lineages, those meningococcal genotypes causing the majority of invasive disease, exhibit stable, non-overlapping structures of their variable antigens, which limits antigenic diversity. 32 Analysis of the molecular epidemiology of 4057 clinical IMD isolates obtained between 2000 and 2002, across 18 European countries, revealed that 5/31 clonal complexes accounted for 77% of isolates. 33, 34 Eight out of 273 PorA types accounted for 60% of isolates, and 6/99 FetA types accounted for 67% of isolates (Unpublished results). Therefore, although these antigens are diverse, only a few combinations of subtypes are responsible for the majority of IMD and choice of a limited number of PorA and FetA protein combinations based on surveillance data has potential in designing a vaccine that harnesses the immunogenicity of these proteins. As FetA immunogenicity is less certain than PorA, which is immunodominant, we aimed to demonstrate that constitutive expression of FetA in an OMV vaccine simultaneously induces FetA and PorA bactericidal responses, to provide a proof-of-concept for a PorAeFetA vaccine. Such a vaccine could contain a combination of several proteins that covers the majority of global meningococcal disease. An OMV vaccine expressing a defined and consistent quantity of FetA was produced to express a single PorA and a single FetA (MenPF-1). This novel vaccine was tested in a phase I clinical trial to examine safety, tolerability and immunogenicity in healthy adults.
Materials and methods

Molecular epidemiology and estimation of hypothetical vaccine coverage
A vaccine recipe based on that from Russell et al. 35 
Vaccine construction and preparation
MenPF-1 was produced to Good Manufacturing Practice (GMP) standard at the Norwegian Institute of Public Health (NIPH) from a genetically modified 44/76 N. meningitidis strain (PorA variant P1.7,16 and FetA variant F3-3), as described for the Norwegian OMV vaccine. 29, 39 The wildtype promoter region of the fetA gene was replaced with a 17 bp spacer region derived from the promoter region of porA, removing iron regulation of FetA expression and ablating slipped strand mis-pairing; the result was a genetically modified 44/76 strain with constitutive expression of FetA and wild-type expression of PorA (unpublished data). OMVs were obtained by detergent extraction, the vaccine consisted of OMVs in sterile solution formulated with aluminium hydroxide, 3% sucrose and water (unpublished data). The vaccine contained 21.8% PorA and 7.7% FetA (of total protein). To investigate whether the FetA levels were abnormally high in the vaccine strain, making the strain more susceptible to killing in the SBA assay, relative to the natural isolate, QC data on the vaccine were compared with existing data on iron-induced FetA expression in the wild-type strain. Frasch et al. reported that wild-type 44/76 OMVs contain 0e10% FetA. 29 The FetA content of dOMVs from the mutant strain was 7.7%, so the expression in the mutant is within the capabilities of the wild-type strain under certain growth conditions. PorA (21.8% protein) is also within range of the wild-type. Vaccination was with 0.5 ml vaccine for the 25 mg dose or 1.0 ml for the 50 mg dose.
Phase I study design
The study was an open-label, dose-escalation, single-site, phase I clinical trial in healthy adults. Three doses of 25 mg or 50 mg MenPF-1 were given intra-muscularly 8 weeks apart. Twenty six volunteers were assigned to each dosing group by sequential allocation, and invited to attend 18 visits over 20 weeks (at 0 h, 4e6 h, 24 h, 7, 14 and 28 days after each vaccination).
Study participants and eligibility criteria
Male and female (using contraception) participants who fulfilled all of the inclusion criteria were enrolled into the trial. Inclusion criteria were ability to give informed consent, aged between 18 and 50 years, in good health, able to attend visits, willing to allow GP/consultant to be notified of their involvement in the study and confirmation from their GP that they were suitable for inclusion in the trial. All volunteers provided informed consent in writing prior to any study procedures. Volunteers were excluded if they had any history of significant organ or system disease, known or suspected alteration in immune function (including IgA deficiency and autoimmune disease), previous receipt of a MenB vaccine of any kind, previous disease caused by N. meningitidis or any other significant disease or disorder that presented potential for risk, could influence the results or impair the participants ability to participate in the study.
Safety monitoring
Frequency and severity of solicited and unsolicited local and systemic adverse events were monitored and reported by study participants for one week after vaccination using electronic diary cards. Adverse events were graded using modified Food and Drug Administration (FDA) and Division of AIDS (DAIDs) criteria (Tables S1 and S2 ). Volunteers were observed for 1 h post vaccination for immediate adverse reactions. Full blood counts and differential serum renal and liver biochemistry, C-reactive protein and amylase and visit observations (pulse, respiratory rate, blood pressure) were recorded at all visits. An independent data safety monitoring committee provided real-time safety oversight for the duration of the trial, approved safety interpretation and gave formal approval for dose-escalation.
Analysis of bactericidal responses by Serum Bactericidal Assay (SBA)
Functional antibody responses were measured using SBA with human complement, as previously described. 40 The SBA was performed on sera from all volunteers available at baseline and after the first or second dose against several bacterial target strains. The isogenic mutant 44/76 FetA onPorA on (SMenPF1.2) was the strain used to produce the OMVs in the MenPF-1 vaccine, and the strains 44/76 FetA offPorA off , 44/76 FetA off PorA on and 44/76 FetA on PorA off were created to assess the independent contributions of PorA and FetA antibodies ( Table 1 ). The level of expression of PorA and FetA were measured on the modified strains by SDS-PAGE, as SBA responses are likely to be affected by expression levels. 41 In the 2 strains constitutively expressing FetA (FetA on ), there was similar amount of FetA, irrespective of whether PorA was on or off. Similarly, there was a similar amount of PorA in the mutant strains expressing or not FetA. There were also similar amounts of other components in all 4 mutant strains. Exogenous human complement without intrinsic bactericidal activity was sourced from consenting healthy adults and used at 25% (vol/vol) with each target strain having a single complement source.
Sera obtained from clotted blood samples, spun for 10 min, were stored at À80 C prior to heat inactivation at 56 C for 30 min. Bacterial strains were grown overnight on blood agar plates at 37 C and 5% CO 2 . Approximately 50 colonies were sub-cultured for 4 h, reconstituted in Hanks buffered salt solution (Gibco) with 0.5% bovine serum albumin (Sigma Aldrich). The bacteria were diluted to give approximately 100 colony forming units per 10 ml used for the assay. The SBA titre was defined as the reciprocal of the highest dilution of serum that yielded !50% decrease in colony forming units relative to that of control wells within 60 min at 37
C.
Statistics
The sample size of each cohort is comparable to studies of other capsular group B OMV vaccines that assessed the safety and tolerability of three doses in healthy adult volunteers. 42 All available data were used and presented according to the assigned dose group. Analyses for the primary endpoints were descriptively summarised. Severity and number of days for each adverse systemic or local reaction was presented as counts and proportions or percentages per dose groups, with 95% CI calculated using the binomial exact method. Missing e-diary reported data were assumed to correspond to no symptoms on that day. No formal hypothesis tests were carried out. Immunological data were, where appropriate, log 10 -transformed prior to analyses, and back-transformed to be presented as geometric means with 95% confidence intervals according to each time point and group. Missing data due to laboratory processing issues were considered as missing completely at random. Statistical analyses were performed using STATA version 13.1 (StataCorp LP, Texas, USA) and SAS version 9.3 (SAS Institute, Cary, NC, USA).
Results
Molecular epidemiology-based design of the vaccine
A hypothetical vaccine containing a combination of five PorA and five FetA proteins (5PorAeFetA) ( (Fig. 1A) . After 2002, potential coverage of this 5PorAeFetA recipe reduced to 68%, which is a consequence of natural fluctuations in meningococcal types. We modelled an impact of the 5PorAeFetA vaccine using incidence data from between 1975 and 2012 (Fig. 1B) and found that a 5-valent vaccine with 100% efficacy would have reduced invasive disease incidence to below 0.5/ 100,000 across this period. This compares with the actual incidence in 1985 and 1995 of 1.10 and 3.61/100,000 respectively. This retrospective analysis demonstrates the potential impact of PorA and FetA multicomponent vaccines on disease rates in recent decades. This vaccine design is based on the contention that a vaccine containing both PorA and FetA antigens induces simultaneous FetA and PorA bactericidal responses in humans. To test this, an OMV vaccine expressing a defined and consistent quantity of FetA was produced to express a single PorA and a single FetA (MenPF-1). This novel vaccine was tested in a phase I clinical trial to examine safety, tolerability and immunogenicity in healthy adults. 
Phase I trial recruitment and population
Recruitment commenced in October 2012; 75 volunteers were assessed by the trial physicians and 52 were enrolled. The final clinical trial data were collected one month after the last vaccine dose (June 2013). Recruitment, enrolment and withdrawals are presented in Fig. 2 . Overall, 856/872 (98.2%) of all attended visits were performed within the protocol-defined window after vaccination. The baseline physical and demographic characteristics of enrolled volunteers are presented in Table 3 .
Safety of MenPF-1 in healthy adults
There were no serious adverse events, serious adverse reactions, severe unexpected serious adverse reactions or medically significant adverse events. Adverse events to vaccination were mostly local reactions at the site of injection, mild to moderate in severity and transient selflimiting reactions that lasted only a few days (Table 4) . There was no evidence of cumulative adverse event frequency or severity with repeated doses of vaccine and systemic symptoms such as fever were infrequent (Table 4) . Visit observations and safety blood testing did not show any safety concerns (data not shown).
Serum bactericidal antibody responses are induced against homologous wild-type strain 44/76
Baseline sera were available for all participants, 46/52 at four weeks after the second dose and 47/52 at four weeks post third dose. The majority of volunteers developed an SBA titre !1:4 against the homologous 44/76 WT strain after 3 doses in both the 25 mg (95%) and 50 mg dose groups (100%) (Fig. 3A) , as compared to 42% and 43%, respectively, at baseline. The baseline geometric mean titres (GMTs) were 4.8 and 3.5 in participants receiving 25 mg and 50 mg doses respectively, indicating low levels of naturally acquired SBA activity in most volunteers prior to vaccination. After 3 doses of MenPF-1 the GMTs increased to 24.0 and 31.1 in the low and high dose groups respectively ( Table 5 ). The study was not powered to investigate whether there was significant differences between 2 or 3 doses or between the 25 or 50 mg doses.
MenPF-1 induced PorA-specific serum bactericidal antibodies as expected (50) 8 (31) 4 (16) 1 (4) 23 10 (43) 7 (30) 2 (9) 1 (4) 23 11 (48) 8 (35) (73) 1 (4) 1 (4) 23 21 (91) 18 (78) (65) 15 (58) 0 (0) 2 (8) 23 19 (83) 17 (74) 1 (4) 1 (4) 24 13 (54) 12 (50) 0 (0) 1 (4) Swelling at the site of injection 25 mg dose 25 10 (40) 8 (32) 0 (0) 2 (8) 22 11 (50) 8 (36) 0 (0) 3 (14) 21 11 (52) 9 (43) 1 (5) 1 (5) 50 mg dose 26 10 (38) 8 (31) 0 (0) 2 (8) 23 16 (70) 13 (57) 0 (0) 3 (13) 24 17 (71) 14 (58) 1 (4) 2 (8) Volunteers reported symptoms as mild (does not interfere with routine activities), moderate (interferes with routine activities) and severe (unable to perform routine activities). Redness, swelling and induration at the site of injection used the maximal recorded diameter of any reaction for severity grading as mild (1e10 mm), moderate (11e25 mm) and severe (!26 mm). Oral temperature was graded as mild (38.0e38.4 C), moderate (38.5e38.9 C) and severe (!39.0 C).
proportion of volunteers with baseline SBA activity !1:4 against the target strain 44/76 FetA off PorA off were 35% and 28% in the 25 mg and 50 mg dose groups respectively, increasing to 41% and 60% respectively after 3 doses of MenPF-1 (Fig. 3B) . The proportion of responders to the isogenic strain 44/76 FetA off PorA on were 39% and 32% in the 25 mg and 50 mg dose groups respectively at baseline, increasing to 91% and 96% after 3 doses (Fig. 3C) . The GMT values after 3 doses against the strain 44/76 FetA offPorA off were 3.6 (95% CI 2.5, 5.4) and 6.6 (95% CI 3.6, 11.9) in the 25 mg and 50 mg dose groups respectively, as compared to 19.9 (95% CI 9.9, 40.1) and 29.4 (95% CI 16.4, 52.9) against 44/76 FetA off PorA on (Table 5 ). These results demonstrate that a PorA-specific bactericidal response was induced in most participants.
MenPF-1 induced FetA-specific serum bactericidal antibodies
Most importantly, the isogenic strain 44/76 FetA on PorA off was designed to quantify the FetA-specific bactericidal response. The proportion of responders with SBA activity !1:4 against this strain were 39% (25 mg dose) and 32% (50 mg) at baseline compared to 73% and 80% after 3 doses of MenPF-1 (Fig. 3D) . The proportion of responders was greater against 44/76 FetA on PorA off than was observed These results indicate that MenPF-1 was able to induce FetA-specific bactericidal antibodies. In addition, when 44/76 FetA on PorA on (vaccine strain) was the target strain for SBA, the proportion of baseline responders with titres !1:4 was 57% in the 25 mg dose group and 40% in the 50 mg dose group (Fig. 3E) , increasing to 96% and 100% after 3 doses of MenPF-1. In both the 25 mg and 50 mg dose groups the GMTs against 44/76 FetA on PorA on were higher than those detected against the FetA off PorA on strain, where FetA expression is absent. The GMTs in the high dose group were 4.2 (95% CI 2.8, 6.4), 42.7 (95% CI 23.1, 79.1) and 49.9 (95% CI 29.8, 83.5) at baseline, after 2 and 3 doses respectively, as compared to the FetA off Por-A on strain where GMTs of 3.0 (95% CI 2.3, 4.0), 26.1 (95% CI 12.8, 53.4) and 29.4 (95% CI 16.4, 52.9) were observed respectively. This result suggests that FetA-specific bactericidal antibodies generated in response to MenPF-1 were additive to the PorA-specific SBA responses.
Discussion
We demonstrated that immunisation with OMVs derived from a meningococcal strain that constitutively expressed FetA elicited both PorA and FetA-specific bactericidal antibodies in humans, providing evidence that a multicomponent vaccine based on PorA and FetA could be used to provide protection against meningococcal disease. In order to assess the contribution of FetA bactericidal antibodies, SBA assays were conducted targeting isogenic strains in which the level of FetA expression was measured. 41 Immunisation with MenPF-1 led to elevated GMTs in SBA against the target strain 44/76 FetA on PorA on in comparison to wild-type 44/76. Furthermore, the bactericidal activity against 44/76 FetA on PorA off indicated a FetA-specific response, which was greater at the last time-point, illustrating the benefit of the third dose. While immune responses against FetA have been observed in convalescent patients after meningococcal disease, 43 the present trial demonstrates that such bactericidal activity can be induced against the antigen through vaccination with OMVs.
In addition to being immunogenic in healthy adults MenPF1 was safe. The greater reporting of pain and tenderness at the site of injection from volunteers who received 50 mg may be a true dose effect or a confounding observation due to doubling the vaccine volume (to 1 ml) and/or doubling the quantity of adjuvant, which was necessary in this study for dose escalation. Missing solicited symptom data were assumed to correspond to no symptoms on that day; however, these missing data accounted for only 634/10,291 (6.2%) of solicited symptom data points. Overall the side effects reported in this trial are comparable to those observed following use of other OMV MenB vaccines in healthy adults. 7 The low frequency of fever is in contrast to infant fever previously observed with 25 mg dose OMV vaccines 44 possibly due to an age-specific effect.
Adverse events were also reported in adults following vaccination with 4CMenB, a multicomponent MenB vaccine containing the same OMV as MeNZB, 45 although this is not directly comparable because it also contains three recombinant proteins, which may contribute to reactogenicity.
We have confirmed the immunogenicity of the MenPF-1 formulation against the homologous vaccine strain as well as the wild-type and isogenic strains. While it is known that SBA titres tend to differ amongst laboratories, 46 the titres against 44/76 in adults immunised with three 25 mg doses of MenBVac were comparable to those recorded for the low dose group in the present study 46 and the titres seen after 3 50 mg doses of MenPF-1 were similar to those seen against strain NZ98/294 in adults vaccinated with 3 doses of 4CMenB. 47 As was seen for MenBVac, 46 participants immunised with MenPF-1 demonstrated an increase in functional antibodies against 44/76 after the second and third doses. A considerable proportion of the increase in functional antibodies was directed against PorA as demonstrated by the lower GMTs detected against the isogenic strains with PorA expression removed. The induction of PorA-specific functional responses is in agreement with previous capsular group B OMV vaccine trials. 48 As an immunodominant antigen in the meningococcus, PorA responses account for a large proportion of detected bactericidal antibodies against homologous target strains. Coupled with this, P1.7,16 has been consistently shown to be more immunogenic than other PorA variants 48e50 and was expected to play a major role in inducing bactericidal activity in this study. The relative immunogenicity of different FetA types have not yet been determined and could also be variable.
The baseline levels of anti-FetA and PorA bactericidal activity are probably attributable to prior natural exposure to circulating strains of N. meningitidis. Meningococci of the ST-32 complex were found in 6.5% of IMD isolates in England and Wales between 2006 and 2009. 51 The PorAeFetA combination in the current study is common amongst the ST-32 complex organisms. 52 While not characterised in the current study, there are a number of other antigens that may have contributed to the immunogenicity of MenPF-1. Relatively high pre-vaccination levels of SBA against 44/76 FetA off PorA off demonstrate that a considerable proportion of subjects had functional antibodies against a number of non-PorA or FetA antigens, which increased after MenPF-1 vaccination. Some minor antigens have been identified previously using OMV vaccines including TbpA, Hsf and NspA. 53 While both PorA and FetA-specific bactericidal responses were induced, the latter was possibly limited by the expression level of FetA (around 7%), in comparison to PorA (21.8%). Therefore, given the potential for inducing FetA specific antibodies, future improvements would include enhanced expression of FetA. Furthermore, OMV vaccine-induced bactericidal antibodies to PorA variant P1.7,16 show very limited cross-reactivity against heterologous variants, 19, 48 thus this single-strain OMV vaccine would not confer broad protection against diverse MenB disease. Therefore, future studies will focus on combining and evaluating the response to PorA and FetA variants chosen to broaden the coverage of epidemiologically relevant MenB strains. As PorA and FetA data are used as part of the routine surveillance of meningococcal disease across many reference labs, changes associated with IMD could be used to inform PorA/FetA vaccine combinations to maintain optimal coverage. In addition, such a vaccine would not be based on the bacterial capsule, so could potentially protect against meningococci expressing other capsular groups. 
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